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ABSTRACT 

This paper presents  some approaches t o  modeling the  dynamic response of 

wind turbine systems t o  atmospheric turbulence. The f i r s t  sect ion deals with 

one possible method f o r  modeling the  wind turbulence inputs.  The second sec- 

t i on  looks a t  t he  machine response t o  the  turbulence,  and shows why t h e  r e su l t -  

ing loads should be computed using a coupled d y n d i c  model. The t h i r d  sect ion 

examines some of t h e  problems encountered when est imat ing the  fa t igue  l i f e  of 

a tu rb ine  exposed t o  random atmospheric exc i ta t ions .  In  the  f i n a l  sec t ion ,  some 

suggestions a re  made f o r  a l t e rna te  approaches t o  modeling the  e f f e c t s  of turbu- 

lence on wind systems. 

THE WIND INPUT 

It w a s  the goal of the research work a t  Oregon State University t o  develop 

a method f o r  computing the  e f f e c t  of atmospheric turbulence exc i ta t ions  which 

treated the wind input  and the  turbine response using t h e  s t a t i s t i c a l  techniques 

of random vibrat ion theory, and avoid the a r t i f i c i a l  concept of a d i sc re t e  deter- 

minis t ic  wind gust.  A complete s t a t i s t i c a l  descr ip t ion  of t he  turbulent  wind 

f i e l d  over the ro to r  d i sk  w a s  computationally impossible, so simplifying assump- 

t inns w e r e  made. A model w a s  developed t h a t  preserved many of t he  physical pro- 
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p e r t i e s  which were known t o  cause dynamic response of wind turbines ,  but  w a s  com- 

putat ional  simple and could be used i n  e i t h e r  t he  frequency domain o r  t he  time 

domain. 

veloci ty  components which are uniform over the  r o t o r  d i sk ,  and a set of s i x  

ve loc i ty  gradients across t h e  disk.  

components, and allows f o r  both horizontal  and v e r t i c a l  wind shears i n  each veloc- 

i t y  component. 

The turbulence f i e l d  a t  the  ro to r  disk is approximated with a set of 

Thus, the model includes a l l  three veloci ty  

The wind inputs  can thus be wr i t ten  as 

r 7 r sinS2t i , 

i 
i 

I 

0 

r cosnt  

where the  mean wind is  i n  the y direct ion,  t he  commas imply d i f fe ren t ia t ion  with 

respect t o  the coordinate of the  following subscr ipt ,  and the  uniform veloci ty  

terms, V and the  l i n e a r  gradient  terms, V i , j ,  a r e  functions of t i m e .  
i’ 

In order t o  simplify the  correlat ion model, and because ce r t a in  combinations 

of the gradient terms i n  the  plane of t h e  ro to r  always appear together i n  the 

l inear ized aerodynamic r e l a t i o n s h i p s t h e  following quan t i t i e s  a r e  defined. 

1 - vx,x)’ zx 2 % ? Z  
& = -  1 

+ 

& = -  
zx 2 % , z  

Then the  turbulent ve loc i ty  a t  t h e  rotor can be rewr i t ten  as 
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- - E r sinf i t  + (yzx - yzx) r cosRt p x  + tEZX zx 

- - 
where the nine turbulence inputs: Vx, Vy, Vz,  V , V 

Y , X  Y l Z  
and y zx' E zx' yzxt E zx' 

vary with t i m e  and can be shown t o  be s t a t i s t i c a l l y  uncorrelated. 

A corre la t ion  model f o r  t h e  various ve loc i ty  components is derived using 

the  Von Karman i so t ropic  turbulence model t o  obtain the  cor re la t ion  between 

v e l o c i t i e s  a t  s p a t i a l l y  separated points.  Using t h i s  cor re la t ion  model f o r  t h e  

turbulence f i e l d ,  the veloci ty  a t  the r o t o r  disk is approximated by t h e  time 

dependent uniform and gradient terms of Eq. ( 2 ) .  These terms are chosen t o  mini- 

mize t h e  expected e r ro r  between t h e  t rue  veloci ty  and the approximate ve loc i ty  

over a region the  size of t he  r o t o r  disk.  

ties are approximated by a simple r a t iona l  form which corresponds t o  an exponen- 

t i a l l y  cor re la ted  random process, and can be e a s i l y  used ana ly t i ca l ly ,  o r  for time 

Furthermore, the  power s p e c t r a l  densi- 

domain simulations. 

ferent ia l  equation 

This model i s  conveniently expressed 

n h 

(4 )  i + au = bw 

ins tan taneous  va lue  of one - where U - 
etc. xz vxt ... tv y r x f  r Y  

W - - nondimensional white  no ise  
2 3  t r a l  d e n s i t y  Sw = o L/Vw -- 

V 
W 

n - - - 
L a* a 

by the  s tochas t ic  d i f -  

of the terms 

w i t h  power spec- 
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f o r  uniform temzi I s b *  
'1 v2 

1 -  

f o r  g r a d i e n t  terms 

t u r b u l e n t  v e l o c i t y  component va r i ance  

turbulence i n t e g r a l  scale 

mean wind speed 

ro tor  disk radius 

where the  nondimensional coeff ic ients  a, and b, are tabulated f o r  a w i d e  va r i e ty  

of turbine s i z e  t o  length scale r a t i o s ,  (R/L). 

model, as w e l l  as, some typica l  r e s u l t s  have been documented i n  references (1,2). 

A detail  development of t h i s  

A t  t h i s  time, work i s  underway t o  improve t h i s  wind model by adding terms 

which allow f o r  a quadratic var ia t ion i n  t h e  longi tudinal  component of t h e  turbu- 

lence. This e f f o r t  is  t o  be completed i n  September, 1982. 

TKE TURBINE RESPONSE 

The wind turbine model is shown schematically i n  Figure 1. Both t h e  ro to r  

and the  nacel le  are assumed t o  be r ig id  bodies which move i n  unison, except f o r  

the  spinning rotor .  D u e  t o  tower f l e x i b i l i t y ,  t he  nacel le  and ro to r  are free t o  

translate i n  a plane p a r a l l e l  t o  the ground and r o t a t e  about the  top  of t h e  tower 

i n  p i t ch  and yaw. 

and the  p i t ch  angle by x. The l a t e r a l  t r a n s l a t i o n ,  U ,  i s  i n  the  x d i r ec t ion ,  

while t he  V t r ans l a t ion  is  i n  the y d i rec t ion  along the  ro to r  axis .  

spin ve loc i ty  is given by R + Y, where !i2 is  the mean ro ta t ion  r a t e  and Y i s  some 

s m a l l  f luctuat ion.  For the case of a tu rb ine  with a three-bladed r i g i d  ro to r ,  the  

basic pr inc ip les  of Newtonian mechanics and l i n e a r ,  quasi-steady aerodynamics 

give motion equations of t he  form 

The yaw angle of the r o t o r  a x i s  i s  defined by the  angle,  4 ,  

The ro to r  
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Table 1. Wind Model Assumptions and Important Fea tures  

1. 

2. 

3 .  

4 .  

5. 

6. 

The v e l o c i t y  components are c o r r e l a t e d  us ing  t h e  Von Karman 

i s o t r o p i c  turbulence  model. 

The t u r b u l e n t  v e l o c i t y  f i e l d  a t  t h e  r o t o r  d i s k  i s  approximated 

using three uniform terms p l u s  six gradient terms. 

Each of these n ine  turbulence i n p u t s  i s  modeled as a sta- 

t i ona ry ,  exponen t i a l ly  c o r r e l a t e d  random process ,  which can 

be represented  by a f i r s t  o rde r  l i n e a r  d i f f e r e n t i a l  equation. 

Veloci ty  shears caused by turbulence  seem t o  r e s u l t  i n  s i g n i f -  

i c a n t  t u r b i n e  response and are modeled for  a l l  t h e  v e l o c i t y  

components. 

Three wind parameters a r e  requi red  t o  model a s p e c i f i c  si te:  

t h e  mean wind, t h e  tu rbu len t  v e l o c i t y  component var iance ,  and 

t h e  turbulence  l eng th  scale. 

The model can be used t o  perform a n a l y s i s  i n  t h e  frequency 

domain, as was done for  t h e  r e s u l t s  which w i l l  be presented 

here ,  o r  t h e  d i f f e r e n t i a l  equat ions of  t h e  wind model can be 

used t o  d r i v e  any type  of time domain s imulat ion.  



U 

s1 = Rotor ro ta t ion  r a t e  

+ = Yaw angle 
x = Pitch a n g l e  
U = Tower top  X 

V = Tower t op  Y 

d i s p l a c e m e n t  

d i s p l a c e m e n t  

F i g u r e  1. The Turbine  Model 
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where [MI, [Cl, E l ,  and [Fl a r e  the i n e r t i a ,  damping, s t i f f n e s s ,  input  coeff i -  

c i e n t  matrices,  

{XIT = (U,V,$,x,Y) = displacement  

= (O,T,O,Q,O) = s t eady  s ta te  T 
m 

coord ina te  

- -  
{ U y  = (VX,V ,v ;v 
E = E cos3Qt  + yZxsin3Rt 

,v I Y X Z ? ~ r I Y r f E X Z  ) = wind i n p u t s  
y z Y,X YIZ - 

r zx 

- 
The terms E 

t h a t  involve s in(2Qt)  and cos(2Qt) .  

and yr come from the  three-bladed sums of the  aerodynamic forces  r 

Discarding the steady terms, it is convenient t o  transform these  turbine 

equations t o  the state space form, and t o  augment them with t h e  nine wind input 

equations. 

input.  

This forms a s ingle  set of equations with white noise as the  driving 

These may be wri t ten as 
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\ 
X 

F 

F 
Y 

MZ I 
= o u t p u t s  

I I X  

[Cl = response matrix 

The displacements represented by {XI  and v e l o c i t i e s  given by {XI are deviat ions 

from the  steady values. 

on the  coe f f i c i en t s  of t h e  response matrix [Cl. 

The outputs {y)  are se lec ted  by the  user ,  and depend 

With t h i s  formulation it is a 

r e l a t ive ly  straightforward numerical procedure, t o  determine the complex eigen- 

values of t h e  A matrix and then t o  compute t h e  modal matrix, which is  made up of 

t he  associated eigenvectors. 

equations of motion so t h a t  t r ans fe r  funct ions between any of t h e  nine white noise  

inputs  and any output,  yi, may be eas i ly  computed. 

account f o r  differences i n  the  energy l e v e l  f o r  t h e  turbulence inputs ,  

t h a t  a comparison of t h e  t ransfer  function magnitudes provides a d i r e c t  estimate 

of r e l a t i v e  importance. The f i n a l  r e s u l t  uses t h e  cen t r a l  equation from random 

vibrat ion theory Eq. ( 7 ) ,  which s t a t e s  t h a t  the spec t r a l  density f o r  any of the  

outputs {y) w i l l  be given by 

The modal matrix can then be used t o  decouple t h e  

These t r ans fe r  funct ions 

{u), so 

( 7 )  

for  uncorrelated inputs .  In t h i s  equation, {S (LO))  i s  the  spec t r a l  dens i ty  of 

the outputs {y) ,  [ IH 

Y 
2 

(LO) I 1 i s  t h e  matrix cons is t ing  of elements which are t h e  
Yw 
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Table 2 .  Mod-G C h a r a c t e r i s t i c s  

Rotor C h a r a c t e r i s t i c s :  

Rotor Radius 
Blade Chord ( l i n e a r  t a p e r )  

Coning Angle 
Blade Twist ( l inear )  

System Frequencies: 

1st Bending ( f o r e - a f t )  
2nd Bending ( f o r e - a f t )  
1st Bending (s ide- to-s ide)  
1st Torsion 

Aerodynamic P r o p e r t i e s :  

L i f t  Curve Slope 
Drag C o e f f i c i e n t ,  C D ~  
S t a l l  not Modeled 

Opera t in s  Conditions:  

(1.5Q2) 
(7.5Q) 
(1.6R) 
( 4 . 9 Q )  

150 f t  
7 . 7 4  f t  

a t  hub t o  
3 . 1 5  f t  

a t  t i p  
4 O  

8' 

2 . 7  rad/s  
1 3 . 7  rad/s  

2 . 9  rad /s  
9 . 0  rad /s  

5.73 
.008 

Wind Veloc i ty  

Rotor Speed 
P i t c h  S e t t i n g  a t  Tip 
Turbulence Length Sca le  
Rms t u r b u l e n t  i n t e n s i t y  
Approximate Power Output 

(1.833 20 lWB 

17.5 R P M  
-6 .2O 

r a d / s )  

500 f t  
2 . 4 4  f t / s  
1.1 m 
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E 

10 
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Frequency % rad/s 

Figure 2 .  T h e  e f f e c t  of the g r a d i e n t s  v Y l x  and 

equi l ibr ium wake. 
on yaw moments f o r  Mod-G us ing  the  vY+ 
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N i 108k 

I=--- 0 rw 
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5 -: 10 

E rw 
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Frequency % rad/s 

"'"" 
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Figure 3. The effect of the gradients v f x  and 
v x f  z- on the side force f o r  No$-G using 
t e equilibrium wake. 
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F igu re  4 .  The e f f e c t  of t h e  g r a d i e n t s  v1,,? and 
V . on t h r u s t  f o r  t h e  Mod-G using t he  
e&!librium wake. 
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square of the t r a n s f e r  function magnitude and CS 1 is t he  f l a t  spec t ra l  density 

of t he  whi te  noise dr iving inputs,  which are a l l  equal. 

W 

Using t h i s  procedure a large wind turbine ca l l ed  t h e  Mod-G w a s  analyzed. The 

Mod-G is  a 2.5 MW turbine with a three-bladed r o t o r  located upwind of the tower, 

and is  designed f o r  fixed-yaw operation. 

system a re  shown i n  Table 2 .  Figures 2 through 4 present  the  computation r e s u l t s  

f o r  the  Mod-G turbine.  

The spec i f i c  cha rac t e r i s t i c s  of t h i s  

The primary object ive of this work w a s  t o  i d e n t i f y  the  features  of turbulence 

which a re  most important i n  wind turbine design. 

key fea tures ,  the  response a t  specif ic  system frequencies was broken down i n t o  

f rac t iona l  contr ibut ions from each turbulence input.  The most s ign i f i can t  r e s u l t s  

I n  an e f f o r t  t o  focus on these 

of these calculat ions are tabulated i n  T a b l e  3 .  

From these r e s u l t s  it seems clear t h a t  t he  most i m p o r t a n t  inputs are the 

longitudinal turbulence component, V t he  two associated gradient terms V and 
Y 1  Y I X  

To examine t h i s  conclusion more closely,  consider again Figures 2 through 4 ,  

which present p l o t s  of power spec t ra l  dens i t i e s  f o r  t h e  various response var iables  

using, f i r s t ,  only the  turbulence input V and then comparing it with the  r e s u l t s  

when the two gradients  V and V a r e  added t o  the  input.  The f igures  c l ea r ly  

show t h a t  the response i s  s igni f icant ly  underestimated unless the  turbulence gra- 

d ien t  terms V and V a r e  included. 
Y f X  Y I Z  

Y '  

Y r X  Y ,Z 

There are two simple conclusions which a r i s e  from t h e  r e s u l t s  presented 

here. F i r s t ,  the  turb ine  response t o  atmospheric turbulence should be obtained 

using a coupled dynamic m o d e l  which inputs t he  wind exc i ta t ions  over t he  appro- 

p r i a t e  frequency range. 

quencies w i l l  no t  be excited i n  a r e a l i s t i c  manner. 

If t h i s  i s  not done, then a l l  of t he  turbine natural  f r e -  

I n  addi t ion,  it i s  e s sen t i a l  

t o  model t h e  s p a t i a l  var ia t ions  i n  wind ve loc i ty  caused by turbulence. 
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FATIGUE DAMAGE 

For a structure exposed to a Gaussian narrow band loading, there are several 

approaches to computing the expected life. The most straightforward is the 

Palmgren-Miner rule. This rule states that, if n cycles occur at stress level i 

s. and at constant amplitude, it would take Ni cycles at this level for failure, 
1I 

then the fractional damage at s is (n./Ni). Failure is expected when the sum 
i 1 

of all the fractional damages equals unity. That is when 

= (ni/Ni) = 1 
i 

From this it is possible to determine the time to failure as 

1 T =  

where N ( s )  = t h e  number o f  cyc le s  t o  f a i l u r e  a t  s. 

zero c r o s s i n g  frequency. 1 
0 27r 

V+ = - - =  
% 

e -s2’2ai = p r o b a b i l i t y  d e n s i t y  func t ion  of 
stress peaks. 

= t h e  var iance  of t h e  stress, s .  

= t h e  var iance  of 8 .  
2 

The variance can be computed from the power-spectral-density by direct integration 

or directly from the system governing equations. 

this would be 

For a single response variable, 
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and 

where S ( w )  is the power-spectral-density for the stress s. Note that these two 

integrals represent areas under spectral density curves. 

S 

Alternately, fracture mechanics techniques can be used. Fatigue-crack- 

growth data can be conveniently represented by the equation 

where a is crack length; N is the number of cycles; C is a material constant; 

AK is theprange of the stress intensity factor; and m is an exponent in the I 

range 2-4. 

Using this approach Pook and Greenan ( 3 )  have performed statistical compu- 

tations similar to those presented above for Miner's rule, and compared the results 

with a limited amount of experimental data for mild steel under narrow-band 

random loading. Results for this work are reproduced in Figure 7 .  The spread 

in the predictive results would seem to indicate that there is still some research 

work that needs to be done. 

These results apply only for narrow-band random loading. For wind systems 

the response is generally wide-band with major contributions at the natural 

frequencies of the system. 

more complex situation of wide-band loading as Holley ( 4 )  has demonstrated, the 

linear damage rules do not predict damage nearly so well as for narrow-band 

loading. 

considered to be a research topic of significant difficulty. 

While the above methods can be modified to the 

In general, prediction fatigue life under wide-band random loads is 



1 7  
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Figure 5 .  Results of comparison and loading from reference ( 3 ) .  



CONCLUSIONS AND RECOMMENDATIONS 

This paper has put forth the following major points: 

1. For computation of wind turbine loads, the turbulence inputs must include 

terms which generate a nonuniform spatial distribution of velocity over 

the rotor disk, otherwise important excitations will be lost. 

The procedures used to compute the dynamic loads caused by turbulence 2 .  

must allow a full dynamic response to these inputs. Quasi-steady computa- 

tion and the use of discrete deterministic gusts will probably give mis- 

leading results. 

3.  The response of wind turbines to turbulence inputs tends to be wide-band, 

and the usual fatigue damage rules may not provide accurate estimates of 

structural life for wide-band loading. This problem is not, however, 

unique to wind systems. 

systems, and should be classified as a "basic research issue" of significant 

importance to the success of wind energy systems. 

It is a generic problem common to many mechanical 

In addition to these major points, the authors would like to make the fol- 

lowing recommendations: 

1. At this point in time, there is little experimental data, in the form of 

spectral-density plots of machine loads, to use as a guide for model develop- 

ment and setting design criteria. 

and should be developed and published. 

This type of data would be very helpful, 

For a complete picture, the asso- 

ciated wind data is also necessary. 

Because the governing equation for two-bladed wind turbines contains periodic 2 .  

coefficients, it would appear at first that frequency domain techniques are 

not practical. However, Holley and Bahrami (5) have extended the analysis 
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presented here using Floquet theory to periodic linear systems. In addi- 

tion, under some simplifying assmptions, it may be possible to use the 

nonlinear time domain computer codes already developed for dynamic analysis 

of turbines to compute a set of transfer functions relating a specific wind 

turbulence input and any desired responses. 

could be used to compute the response to a m e a n  wind and a suddenly applied 

For example, a nonlinear code 

linear gradient across the disk, V , where the gradient time history is a Y ,X 
square wave of several cycles with each cycle of shorter duration to fully 

excite higher turbine natural frequencies. From the time history of the 

input and any particular output, a transfer function could then be computed 

numerically. This would provide a set of linearized transfer functions 

which would contain the proper frequencies, but would in some sense average- 

out the effect of the periodic coefficients. 

of using the existing codes and allowing the turbulence calculations to be 

done separately, but would need to be fully validated for design use. 

This approach has the advantage 

3.  Some form of time domain analysis should also be developed. However, it 

seems likely that the computation time for a full system simulation will 

be long. For this reason, it may be best to model only the power train 

and rotor system to validate the turbulence input modeling with field test 

data. 

tem model could be developed. 

After validation of the technique, a more comprehensive turbine sys- 
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